Currently, there are many efforts to improve the electrooptical properties of liquid crystals by means of doping them with different types of nanoparticles. In addition, liquid crystals may be used as active media to dynamically control other interesting phenomena, such as light scattering resonances. In this sense, mixtures of resonant nanoparticles hosted in a liquid crystal could be a potential metamaterial with interesting properties. In this work, the artificial magnetism induced in a mixture of semiconductor nanoparticles surrounded by a liquid crystal is analyzed. Effective magnetic permeability of mixtures has been obtained using the MaxwellGarnett effective medium theory. Furthermore, permeability variations with nanoparticles size and their concentration in the liquid crystal, as well as the magnetic anisotropy, have been studied.
Introduction
Plasmonics is a consolidated research field, due to its potential applications in many nanotechnology domains [1] [2] [3] . Plasmon resonances occur when the photon frequency of an incident radiation is resonant with the collective oscillation of the conduction electrons in a metal. This process involves the concentration of light in subwavelength dimensions which allows the manipulation of light at nanoscale. This phenomenon is the basis of a myriad of applications, ranging from new all-optical devices [4, 5] to the design of metatoms to perform metamaterials with tunable optical properties [6] [7] [8] .
Although huge efforts have been made on plasmon nanoparticles and plasmonic applications [9] , metallic samples have the inherent problem of absorption in the visible range. This absorption produces thermal effects leading to material degradation. Semiconductor materials with high refractive index can be the alternative to plasmonic materials (e.g., gold and silver) in this kind of applications. The magnetic and electric Mie resonances in light scattering of semiconductor materials [10, 11] are analogous to the localized surface plasmon resonances in metallic nanoparticles.
These semiconductor nanoparticles can act as photonic nanoresonators due to the high-refractive-index contrast between them and the surrounding medium and the ratio between their size and the incident radiation wavelength. These properties lead to the appearance of both magnetic and electric resonances in the visible range of the electromagnetic spectrum [12] . The excitation of these resonances is being deeply studied nowadays. For instance, astonishing phenomena, like scattering directionality, have been reported [13, 14] in these systems. In addition, the low optical absorption of semiconductors has overcome in part thermal issues [15] .
The tunability of resonances of these nanostructures is a key aspect for several applications. For instance, the spectral coincidence of these resonances with the absorption peak of different molecules is the basis of chemical sensors [16] . As in plasmonics, Mie resonances of dielectric nanoparticles can be tuned changing their size, shape, composition, or the optical properties of the surrounding medium. The variation of the properties of the nanoparticles is a static method: it involves the fabrication of new ones in order to change the output response, limiting its application. Nevertheless, the change of the surrounding medium properties may be dynamic. By using an active material as surrounding medium, its optical properties can be changed with real time control and reversibility capacity, changing the resonant wavelength in the same way. This dynamic response is very interesting for applications such as active polarizers [17] or new tools for active photonic circuits [18] .
Among all the active media used in plasmonic devices, liquid crystals are a good choice: they have capacity to easily modify their refractive index by electrical [19] , optical [20] , or thermal techniques [21] because of their high birefringence and small elastic constants. This control feature besides their high compatibility with optoelectronic materials makes them the perfect option as active dielectric media. Liquid crystal properties have also led to the development of a large variety of photonic devices (modulators, filters, optical switches, and so on) [22] [23] [24] .
While liquid crystals have a remarkable dielectric anisotropy, their magnetic properties in the visible range do not have a noticeable behavior. In this sense, this work is devoted to analyze the magnetic properties of mixtures composed of a liquid crystal doped with semiconductor nanoparticles with magnetic resonances. The magnetic permeability of the nanoparticles and the effective magnetic permeability of the mixture have been studied in a set of simulations. The Maxwell-Garnett effective medium approach has been considered in the calculus of the permeability [25] . Searching a noticeable magnetic anisotropy, several liquid crystals and semiconductor nanoparticles have been considered.
Theory
The effective permeability, eff , of mixtures composed of a liquid crystal (LC) doped with resonant nanoparticles (NPs) can be obtained through several effective medium approximations. In particular, a generalization of the MaxwellGarnett Theory (MG) [25] has been considered in this work. This theory establishes that the effective dielectric function, eff , of a matrix with homogeneous spherical inclusions can be expressed in terms of the optical properties of each component and the volume fraction of the inclusions ( ) [26] as follows:
where and are the dielectric permittivity of the inclusions and the matrix material, respectively. Due to the symmetric nature of the electromagnetic field, an analogue expression can be derived for the effective magnetic permeability, eff :
where ℎ and are the magnetic permeability of the host medium and the inclusion, respectively.
In this work, a LC host medium with high-refractiveindex semiconductor nanoparticles as inclusions is considered. Selected NPs have both electric and magnetic resonances in the visible range, although they are composed of nonmagnetic materials (e.g., silicon and germanium) [11] . Thus, effective optical constants can also be derived for the individual nanoparticles. Focusing attention on the magnetic properties, the effective magnetic permeability of these nanoparticles has been obtained through the Mie theory [26] .
The scattered electromagnetic field ( , ) of a spherical particle (of radius ) made of a certain material, embedded in a homogeneous and isotropic media, can be calculated through the Mie theory [26] . This theory considers an expansion of the scattered fields in vector spherical harmonics ( 1 , 1 , 1 , 1 ), when the sphere is radiated with an incident electromagnetic plane wave with wavelength and amplitude 0 :
where is the wave vector and is the frequency of the incident field, is the magnetic permeability of the surrounding medium, and , , are the so-called Mie coefficients for the scattered field. Applying the boundary conditions between the sphere and the surrounding medium, analytical expressions for these coefficients can be deduced [26] :
Ψ and are the Riccati-Bessel functions and = / is the relative refractive index between the sphere ( ) and the surrounding medium ( ). The factor̃is given bỹ= / , where is the magnetic permeability of the sphere material. The size parameter is , which is given by the relation = 2 / , where is the radius of the sphere and the incident wavelength, as was commented. While coefficients are related to the electric response of the system, are usually related to the magnetic character. In addition, 1 and 1 correspond to the dipolar behavior, 2 and 2 with the quadrupolar one, and so on.
These complex expressions can be simplified under certain assumptions, for instance, applying the Rayleigh approximation, which is satisfied when In this case, only the dipolar components remain, and the expressions of Mie coefficients can be simplified as follows [26] :
This approximation is only satisfied by dipole-like spheres.
Although the magnetic response of semiconductor nanoparticles has been observed in large nanoparticles (diameter > 50 nm), a simple analysis of the Mie coefficients shows that the dipolar character dominates in these nanoparticles in the visible wavelength range. Figure 1 shows the first four Mie coefficients ( 1 , 2 , 1 , 2 ) of an AlAs nanoparticle with a radius of = 58 nm as a function of the incident wavelength, considering the ordinary refractive index (a) and the extraordinary refractive index (b) for the surrounding UCF-N3b LC host [27] . Although liquid crystals are not isotropic media, they can be approximated as isotropic considering either their ordinary or extraordinary refractive index. For the wavelength range where the magnetic resonance arises ( ≈ 400 nm-450 nm), it can be seen that the dipolar contributions ( 1 and 1 ) are dominant, allowing the assumption of a dipolelike sphere.
The effective magnetic permeability of these semiconductor nanoparticles has been obtained following the next procedure. Using homemade computer routines, the value of the Mie coefficient 1 of the nanoparticle, considering it surrounded by the LC medium, has been calculated. Assuming that the spherical particle accomplishes the Rayleigh approximation, at least in a wavelength range, an effective value of the magnetic permeability, , of the particle has been deduced from expression (7). This value, along with the magnetic permeability of LC host, has been used to obtain the effective magnetic permeability of the mixture by means of the effective medium theory (see (2)). The refractive indices of liquid crystals have been obtained using the Cauchy model [27] [28] [29] [30] [31] [32] , and the optical properties of the NPs materials have been derived from references [33] [34] [35] [36] [37] .
Process and Results
In order to obtain a maximum magnetic response, several liquid crystals, as well as semiconductor materials, have been considered. All materials have been selected based on the availability of data in the literature.
In this sense, analytical calculations considering 14 different liquid crystals as host (5PCH, E7, E44, MLC-6241-000, MLC-6608, MLC-9200-000, MLC-9200-100, TL-216, 5CB, BL038, DNDA-OC3, UCF-35, UCF-N3b, and W1825K) and 8 materials as doping NPs (AlAs, AlSb, GaAs, GaP, InGaAs, GaInP, Si, and TiO 2 ) have been carried out. In the following sections, only results related to those materials that maximize the effective magnetic permeability are shown.
Magnetic Resonances of Nanoparticles: Spectral Range.
In this section, the optical behavior of an isolated nanoparticle embedded in a liquid crystal host is analyzed in order to check the appearance of a magnetic response and the spectral range in which it remains.
Considering each semiconductor material, listed above, the first four Mie coefficients ( 1 , 2 , 1 , 2 ) have been calculated. Nanoparticles radius has been selected in the range from 35 to 150 nm. Although these nanoparticle sizes do not strictly satisfy the Rayleigh criterion, we have obtained that the dipolar character is dominant in the spectral range of The attention has been placed on the analysis of the coefficient 1 , which is related to a magnetic dipolar behavior. All the selected materials have a remarkable 1 contribution in an extended range of the visible spectrum. Table 1 summarizes the most important parameters derived from the simulations along with the LC host and NPs material. These parameters are the wavelength at which the magnetic resonance of the nanoparticle is centered, the spectral range where the dipolar term has predominance over the quadrupolar terms, and the nanoparticle radius which maximizes the magnetic resonance. These data have been obtained considering the ordinary and the extraordinary refractive indices of the liquid crystal. From Table 1 , it can be seen that MLC6608 LC gives the most remarkable results. It will be seen in the next section that, despite the large list of LC analyzed, only two of them offer optimum results.
Effective Magnetic Permeability of NPs.
Although nanoparticle materials are not magnetic in the visible range, in previous sections it has been seen that NPs have a prominent magnetic response at a certain spectral range. Under the assumption of the dominant-dipolar behavior, an effective magnetic permeability can be deduced for these nanoparticles. As it was explained above, this permeability can be derived from the magnetic dipole term ( 1 ), under the Rayleigh approximation (7) . In this work, it has been obtained that the magnetic response of semiconductor nanoparticles remains when they are embedded in a liquid crystal, presenting a nonunitary effective magnetic permeability at certain wavelengths range. As an example, Figure 2 shows the effective magnetic permeability of an AlSb nanoparticle of radius 58 nm embedded in a W1825K liquid crystal host, for both ordinary and extraordinary refractive indices of the LC. As it can be seen, the effective magnetic permeability of the nanoparticle has a resonant profile with positive and even negative values. In particular, considering the simulation for the ordinary refractive index of the LC, it presents a maximum positive value of 3.758 at 621 nm and a minimum negative value of −0.973 at 578 nm. Another interesting feature of these results is the fact that the magnetic response of the semiconductor nanoparticle can be tuned by changing the orientation of LC molecules. For the two possible extreme positions of LC molecules, an incident radiation "sees" the ordinary or the extraordinary refractive index of the LC, respectively. This magnetic anisotropy of the NP embedded in a LC can be clearly observed in Figure 2 , where the effective magnetic permeability of the NP noticeably changes from the ordinary to the extraordinary case. As it can be seen, the maximum magnetic anisotropy occurs in the wavelengths around the maximum absolute values of the permeability.
The effective magnetic permeability of different nanoparticles embedded in a LC and the induced magnetic anisotropy have been calculated. The most remarkable results have been obtained considering liquid crystals W1825K and MLC6608.
Journal of Nanomaterials 5 Table 2 shows the results for W1825K. For each NP material, the permeability and magnetic anisotropy shown in the table have been calculated with a nanoparticle size that maximizes the permeability. This value is also included in Table 2 . The profile of the permeability function at both ordinary and extraordinary cases allows the appearance of a nonunitary magnetic anisotropy in a range of incident wavelengths (see Figure 2 ). In addition, the magnetic anisotropy remains high in certain wavelengths range. This is a key fact for practical use of the proposed system. Results shown in Table 2 consider maximum positive values of . Figure 2 also shows that there is magnetic anisotropy considering the smallest values of the magnetic permeability of the nanoparticles with the same LC host. Table 3 shows the minimum effective magnetic permeability and the anisotropy that have been observed. As in Table 2 , these values have been calculated with nanoparticle sizes that minimize the permeability. As it can be seen, in some cases, negative values of can be achieved.
As it can be seen in previous results, the nanoparticle size is one of the key parameters in the appearance of magnetic resonances. Thus, the dependence of the effective permeability with the NP size has been analyzed in order to find the NP radius that maximizes value, as it has been observed in previous results. Figure 3 shows the effective permeability ( ) of the semiconductor NPs under study embedded in different LCs as a function of the NP size. Again, although every combination of NP material/LC host listed above has been considered, only the most noticeable results have been summarized. The radius range has been selected between 35 and 150 nm in order to ensure the appearance of the magnetic resonance in the visible range and to accomplish the dipole-like criterion. Both the ordinary (Figure 3(a) ) and the extraordinary (Figure 3(b) ) refractive indices of the LC have been considered. In both cases, the same behavior can be observed. As it was expected, there is an increase of as the NP radius increases, until it reaches a maximum value. Then, it slowly decreases until a certain NP size at which the value of drops to a value of 1 (no magnetic response). This behavior is related to the evolution of the magnetic resonance of the nanoparticle. When it arises, its height increases as the NP size increases until a maximum value. Then, although the NP size increases, the magnetic resonance broadens producing a decrease of the height until it disappears.
By comparing both figures (Figures 3(a) and 3(b) ), it can be seen that there are important changes in the values, but not in the profile of the permeability, for a given NP-LC combination. The cases of Si and GaInP nanoparticles have shown a remarkable difference at the maximum values of permeability; thus, they have a high magnetic anisotropy for a large range of values of the particle size ( ).
As it is also shown in Figure 3 , the highest value of is achieved for an AlSb NP embedded in the liquid crystal MLC6608, with a value of 3.779, while that considering a W1825K LC is 3.758, both in the ordinary case. As it can be seen, the results using both LCs are quite similar. Other interesting NP materials having a pronounced peak of are GaP and GaInP. 
Effective Permeability of Mixtures.
The use of inclusions in a LC host is a well-known technique either to change the properties of the liquid crystal [38] or to actively control the optical properties of the NPs [17] In addition, as it was previously mentioned, the magnetism in liquid crystals is not a noticeable feature. However, in the previous section, it is showed that isolated semiconductor nanoparticles embedded in a liquid crystal host can present magnetic properties. In this sense, this section is devoted to analyze the effective magnetic permeability ( eff ) of a sample composed of a LC doped with a certain concentration of these NPs. While the effective magnetic permeability ( ) of an isolated NP has been calculated previously, the permeability of the LC ( ℎ ) is equal to 1 in terms of relative permeability. To perform these calculations, the Maxwell-Garnett theory of effective index, previously explained, has been used. In order to maximize the global magnetic response, eff has been calculated as a function of both the size of the doping nanoparticle and its concentration in the volume of the mixture (f ). In addition, eff has been calculated considering both the ordinary and extraordinary refractive indices of the LC, in order to observe if a magnetic anisotropy is also possible in the mixture.
The optimization of eff regarding the two considered parameters, NP size and f, shows that the nanoparticles radius that maximize eff is very similar to that producing maximum values of , with a slight variation in a range of 10 nm. This may occur as a result of the broadness in wavelength of function at the peak, as it is observed in Figure 2 . Figure 4 shows the spectral profile of the function eff for the mixture W1825K LC doped with AlSb nanoparticles and for both components, ordinary and extraordinary. The radius of the nanoparticles and the volume fraction are 63 nm and 5%, respectively. As it was expected, this profile is quite similar to that of the magnetic permeability of a single NP. However, the low concentration of NPs results in the fact that the magnitude of eff is smaller than that of an isolated nanoparticle. In addition, the spectral stability of the magnetic resonance of these nanoparticles produces small values of the magnetic anisotropy. However, an effective magnetic anisotropy (Δ ) can be clearly observed in the mixture. On the other hand, the concentration of the nanoparticles is also an important factor to manipulate the value of the effective permeability of the mixture. Simulations of the mixture with a fixed NP radius and changing from 0.1% to 5% have been made. The fabrication of homogeneous NP-LC composites is not trivial in any case, but it is very complex if the NPs concentration is larger than 5% [39] . In experimental mixtures with high NP concentration, there is a high probability of nanoparticles aggregation that would distort measures of the permeability. Large values of may also disturb the formation of the LC phase. Figure 5 shows the global effective magnetic permeability of the mixture as a function of the volume fraction, for the ordinary (Figure 5(a) ) and extraordinary ( Figure 5(b) ) cases. The dopants are NPs of semiconductor materials whose size produces a maximum value of . As it can be seen, the value of producing a maximum value of eff is the maximum considered value of . This result is expected from (1). Thus, the fabrication of samples with a high concentration of NPs is needed to obtain larger magnetic behaviors in this kind of mixtures. Despite the low values, by comparing both figures, a detectable magnetic anisotropy is observed. Thus, we can conclude that these composites would behave as magnetic anisotropic metamaterials.
Conclusions
While the dielectric anisotropy of liquid crystals is quite interesting for a large number of applications in several fields, these media do not have a remarkable magnetic response. On the other hand, interesting magnetic resonances arise in the light scattering of high-refractive-index semiconductor nanoparticles in the visible spectrum. In this work, the magnetic properties of mixtures combining both media (LC doped with semiconductor nanoparticles) have been theoretically studied.
Light scattering resonances of semiconductor nanospheres can be analyzed through the use of the Mie theory. By analyzing the first four Mie coefficients, it was observed that, around the magnetic resonances of these nanoparticles, there is a clear predominance of the dipolar terms over the quadrupolar ones. This means that these nanoparticles behave as dipole-like spheres, despite their real size. Thus, Mie coefficients can be drastically simplified.
Considering an isolated nanoparticle embedded in a LC, the effective permeability of the nanoparticle, under the Rayleigh assumption, has been deduced. In this case, a noticeable value of has been found, showing that the presence of the LC does not frustrate the appearance of these resonances. In addition, values change if ordinary or extraordinary refractive indices of the liquid crystal are used. Then, there is an externally induced magnetic anisotropy in the NP. Several semiconductor materials and LCs have been considered to maximize magnetic response. In addition, optimum sizes of the nanoparticles have been calculated.
On the other hand, if the mixture composed of a liquid crystal doped with these resonant nanoparticles in a certain volume fraction is considered, a new effective magnetic permeability of the mixture can be calculated using the Maxwell-Garnett effective medium theory. Thus, the mixture is considered as an effective medium or a metamaterial. All analyzed cases present a nonunitary permeability showing an effective magnetism in the mixture. However, these values of are much smaller than those calculated for the isolated particles. This fact is due to the contrast between the refractive index of the liquid crystal and that of the nanoparticle, Journal of Nanomaterials besides the low concentration of NPs in the mixture. Unfortunately, high concentrations of nanoparticles in a liquid crystal host cannot produce a stable and homogenous sample. High volume fraction of nanoparticles or devices with large surfaces compared with NPs size can improve these results. Despite the small values of the global effective permeability, an appreciable magnetic anisotropy can be calculated in these samples. Thus, a magnetic anisotropic media can be performed by means of these composites. This fact provides a new approach in the field of active magnetic devices and can be useful for the improvement or even new designs of them. For instance, a new sensor could be tested and used in significant potential applications like linear displacement and current sensing, gyroscope devices, or magnetic field detectors for technical/industrial purposes. Therefore, in future experimental works, a small sampling of these sensor capabilities will be presented.
